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Selective and controlled deposition of plasma-grown nanoparticles is one of the pressing problems
of plasma-aided nanofabrication. The results of advanced numerical simulations of motion of
charge-variable nanoparticles in the plasma presheath and sheath areas and in localized microscopic
electric fields created by surface microstructures are reported. Conditions for site-selective
deposition of such nanoparticles onto individual microstructures and open surface areas within a
periodic micropattern are formulated. The effects of plasma parameters, surface potential, and
micropattern features on nanoparticle deposition are investigated and explained using particle
charging and plasma force arguments. The results are generic and applicable to a broad range of
nanoparticle-generating plasmas and practical problems ranging from management of nanoparticle
contamination in microelectronics to site-selective nanoparticle deposition into specified device
locations, and synthesis of advanced microporous materials and nanoparticle superlattices. © 2007
American Institute of Physics. DOI: 10.1063/1.2715918
I. INTRODUCTION
As organic compounds caused a revolution in chemistry
over 100 years ago, similarly the wide implementation of
chemically active reactive plasmas has transformed plasma
etching into a new plasma-chemistry science.1–5 Nowadays,
plasma enhanced chemical vapor deposition PECVD
makes it possible to control radical generation in the plasma
bulk and precisely manipulate them to deposit onto various
solid surfaces. In particular, reactive plasmas are widely used
for production and/or coating of nanoparticles NPs in the
gas phase and their deposition in a variety of applications
including large-scale plasma-based production of single-
walled carbon nanotubes CNTs6,7 and integration of
plasma-grown silicon single-crystalline NPs in nanoelec-
tronic and solar cell devices.8–10 A combination of growth,
selective deposition, and controlled structural incorporation
of such nanoparticles are the three main stages of plasma-
aided nanofabrication, which will make deterministic fabri-
cation of nanostructured films and a broader range of nanoas-
semblies with predictable properties a reality in the near
future.11,12 On the other hand, plasma-grown nanoparticles
represent a serious threat in microelectronics and nanofabri-
cation in the form of deleterious contaminants that can easily
cause line shorts and substantially compromise the quality
and performance of integrated microelectronic and photonic
functionalities and nanodevices.13–15
Nanoparticle dynamics in the plasma sheath area which
separates the plasma bulk and the deposition surface is gov-
erned by a number of forces unique to a low-temperature
plasma environment and is extremely sensitive to the NP
charge, mass, and shape.16–19 The nanoparticle charge, which
is usually negative in the plasma bulk, is commonly calcu-
lated using the orbit motion limited OML
approach.16,17,20,21
On the other hand, in the vicinity of negatively charged
substrates which are an intrinsic property of most of the
plasma-exposed surfaces, the electron population is severely
depleted and the nanoparticles can reverse their sign at the
point referred to as the charge reversal point and become
positively charged. In this case the electrostatic repulsion
changes to attraction and the NPs can deposit on the sub-
strate surface, as is the case in the synthesis of carbon nano-
tubes in low-temperature plasmas see Ref. 22 and precipi-
tation of large amounts of quasispherical nanoparticles onto
nanostructured carbon surfaces.14,15,18,19,23 However, a NP
can reach the charge reversal point only in certain cases,
when the inertia effects are strong enough to keep the par-
ticle moving despite strong electrostatic repulsion.18,19 The
nanoparticle charge changes dynamically, from point to
point, which makes the description of its motion within the
sheath extremely difficult; this is why existing advanced
models of nanoparticle-plasma interactions see, e.g., Refs.
17 and 24–27, and references therein do not routinely ac-
count for the inertia effects associated with their motion.
Moreover, we are not aware of any report that specifies
where exactly the nanoparticles land on microstructured sur-
faces. This knowledge is a vital yet missing link in the de-
velopment of robust strategies for NP contamination man-
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agement in microelectronics and size-selective nanoparticle
deposition in fabrication of nanofilms and nanodevices.
In this article, by means of advanced numerical simula-
tion of the dynamics of variable-charge nanoparticles in the
plasma sheath, we compute the microscopic nanoparticle
fluxes onto specific areas on microstructured surfaces and
investigate the effects of variation of the plasma process pa-
rameters and micropattern features. We also formulate spe-
cific process conditions that enable site-selective on top or
lateral surfaces of the surface microstructures SMSs or in
the inter-SMS valleys nanoparticle deposition. The results
obtained are applicable for a broad range of plasma-assisted
nanofabrication, materials synthesis, and surface modifica-
tion processes.
II. NUMERICAL MODEL
The simulation geometry Fig. 1 presented here is rep-
resentative of a typical experiment on plasma processing of a
microstructured surface in a PECVD reactor.28,29 A solid sub-
strate is maintained at a negative electrostatic potential and
faces a large-volume plasma as shown in Fig. 1. The micro-
structured surface, in turn, represents either a prefabricated
feature e.g., a trench on a microstructured semiconductor
wafer or a quasi-two-dimensional morphology element in the
plasma-assisted growth of microstructured films. Ions and
NPs are deposited from the ionized gas phase onto an insu-
lating e.g., undoped Si or a conductive e.g., sp2-hybridized
carbon or highly doped Si substrate. The surface is main-
tained at a variable potential surf.
Our model contains two modules: the first describes the
combined sheath-presheath area, whereas the second one is
related to the specific description of the NP motion and com-
putation of microscopic nanoparticle fluxes. According to an
earlier report,19 the NP deposition is extremely sensitive to
momentum gain due to acceleration in the presheath area;
hence, this area is also included in the model. In Fig. 1, the
point of origin x=y=0 is chosen at the SMS base plane, in
the middle of the valley that separates the first and the sec-
ond from the left microstructures. The parameters of the
plasma process and micropatterns used in our simulations are
summarized in Table I.
It is assumed that the SMSs are maintained at the same
negative potential surf0. The reference electrostatic poten-
tial in the plasma bulk is assumed to be zero. It is convenient
to divide the plasma into regions according to the potential
values: a collisional planar presheath, a planar upper sheath,
and a two-dimensional lower sheath, hereinafter referred to
as regions I, II, and III, respectively.
The density of ions in the plasma bulk is n0; they enter
the presheath with velocity v0. The potential profile in this
area region I can be calculated analytically30 note, x
0,






where vB=Te /mi is the Bohm velocity, Te is the electron
temperature, mi is the ion mass, pr is the potential at the
sheath-presheath boundary, xbulk is the coordinate of the
boundary between the presheath and the plasma bulk, and
Lcoll is the collisional mean free path of ions.
The upper sheath boundary in region II can be obtained
through numerical integration,30
FIG. 1. a Schematic diagram of the periodic micropattern on the substrate
surface used in simulations panel in the middle. The left and right panels
show the focusing effect of the local electric field created by the SMSs on
the nanoparticle right and ion left trajectories. This effect is stronger in
the NP case. b Scanning electron microscopy micrograph of carbon nano-
particles deposited on a Si substrate in a high-density PECVD reactor Refs.
14, 15, and 23.
TABLE I. Values of parameters used for numerical simulation
Parameter Description Value
n0 Plasma density 1010−1012 cm−3
v0 Ion velocity in plasma bulk 500 m/s
mi Ion mass 40 amu Ar
Te Electron temperature 2 eV
nn Density of neutrals 1014 cm−3
mn Mass of neutrals 40 amu Ar
ap NP radius 30 nm
surf Surface potential −13 to −18 V
s Height of SMSs 4 m
b Inter-SMS distance 2–4 m
d Micropattern period 4–10 m
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x = xpr − 
pr
 d





Je = Teexp/Te − exppr/Te
and
Ji = 2E1 − /E1/2 − 2Epr1 − pr/Epr1/2,
and 2D is the potential at the upper edge of the two-
dimensional 2D grid shown in Fig. 1. Here E is the ion
energy as a function of potential, Epr is the ion energy at the
sheath-presheath boundary xpr, pr = 	d /dx	x=xpr, and 0
=8.8510−12 F/m.
In the lower sheath area near-substrate area 0xx2D,









nix,y − nex,y, surf  2D
3
makes it possible to obtain the electrostatic potential in re-
gion III.
In this model, the boundary potential 2D between re-
gions II and III determines the coordinate x2D. For the accu-
racy of the multigrid method used, the latter should satisfy
the inequality d ,sx2D, where d is the micropattern period
and s is the SMS height Fig. 1. In this case, the presheath
and upper sheath areas regions I and II, described by 1 and
2, respectively can be safely assumed as one dimensional,
whilst the low sheath area near the substrate region III is
essentially two dimensional and requires integration of the
partial differential equation 3. The above condition is very
easy to satisfy in real situations. In fact, if the potential dif-
ference between the surface and the top edge of the 2D simu-
lation grid is only 4 V, the edge between regions II and III is
located far above the microstructures at approximately a few
hundred microns above the zero level.
The boundary coordinates xpr and x2D entering 1–3
have been found from the potential continuity condition be-
tween relevant regions. Moreover, the boundary between re-
gions I and II described by Eqs. 1 and 2 requires equal-
ity of the first derivative  at x=xpr. Furthermore, the
potential pr at the sheath-presheath boundary has been cal-














where the right-hand side rhs corresponds to the Child’s
Law sheath approximation.30
In the lower sheath area xx2D, region III a spatially
uniform in the horizontal y direction, 47 steps, and
variable-step in the vertical x direction, 71 steps, two-
dimensional grid has been used. The solution of the Poisson
equation has been obtained numerically, using boundary con-
ditions: i =2D at the upper boundary; ii =surf at the
surface; and iii periodicity of the potential and its deriva-
tive in the horizontal direction: y=y+d, y=y
+d.
Using the calculated plasma and sheath parameters, the
equilibrium nanoparticle charge Zp	e	 was computed by
equating the microscopic electron and ion currents.13 The
total force acting on a nanoparticle,
Ftot = Fel + Fi
dr + Ffr + Fth, 5
consists of the electrostatic Fel, ion drag Fi
dr
, friction Ffr, and
thermophoretic Fth forces.
19
The effect of the plasma process parameters and micro-
structure features is investigated through variation of the sur-
face potential surf, height s of the SMSs, width of the inter-
SMS valleys b, and micropattern period d. These and other
parameters used in simulations here are summarized in Table
I. These parameters are representative of carbon nanoparticle
deposition experiments in high-density inductively coupled
plasmas.14,15 Statistical description of a large number of NPs
enabled us to calculate their microscopic fluxes. In each case,
75 single nanoparticle trajectories have been simulated and
the probability density computed. Assuming uniform nano-
particle flux j0 in the presheath, the horizontal distribution
jy of NPs landed on the microstructured substrate is com-
puted and expressed as a fraction of the initial flux j0.
III. NUMERICAL RESULTS
Among numerous factors that affect nanoparticle depo-
sition, such as the shape of the microstructures, micropattern
features, plasma parameters, and some others, the surface
potential is the easiest one to adjust e.g., by applying a dc
bias in the same experiment. Moreover, the charged micro-
structured surface of our interest here creates a horizontal
component of the electric field E, which is expected to
cause nanoparticle deflection from straight trajectories. On
the other hand, by varying the SMS size, aspect ratio, and
nanopattern period we imply that either the SMSs and nano-
pattern can be reshaped during the same growth process, or
different prefabricated nanopatterns are used simultaneously
in the same experiment or in a series of highly reproducible
processes as is the case in earlier reports.14,15
The results for NP deposition on the substrate surface at
different surface potentials are summarized in Fig. 2. From
Fig. 2 one can observe that the effect of the surface potential
is essentially nonlinear. Indeed, when the potential is small
hereafter, we use the absolute value of the potential 		 the
nanoparticles are predominantly deposited between the
SMSs dash-dot line: the flux deposited onto inter-SMS val-
leys is more than 50% larger than that onto the SMS sur-
faces. When the surface potential increases, the NP flux
transforms and is increasingly concentrated on the SMS sur-
faces, with more particles landing closer to the SMS tips
dashed line. A further increase of the potential makes the
flux more homogeneous solid line. Therefore, larger surf
leads to a more homogeneous nanoparticle deposition over
the micropattern.
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Variation of the plasma parameters affects both the for-
mation of the nanoparticles and their deposition. Considering
only the deposition part, one can notice that the particles in
high-density plasmas tend to deposit near the tips of the
SMSs, while in low-density plasma the deposition is homo-
geneous, as can be seen in Fig. 3.
Figure 4 shows the effect of the micropattern period on
the distribution of the microscopic nanoparticle flux jy.
Two striking observations can be made from Fig. 4. Firstly, if
the SMSs are located further away from each other, each of
them draws a larger NP flux compared to that in denser mi-
cropatterns. In fact, Fig. 4a suggests that if the inter-SMS
distance is 10 m, the nanoparticle flux drawn by individual
microstructures is more than twice larger than j0, whereas it
is only 
1.6j0 when the surface density of the SMSs is
doubled.
Secondly, from Fig. 4, it is clearly seen that at the base
of the microstructures the nanoparticle flux is depleted and
does not exceed 0.8j0, whereas it is almost the same as the
initial flux j0 elsewhere in the valleys and peaks at the mid-
point between the SMSs. Indeed, in Fig. 4b one can spot
small peaks located at y=4, 8, 12, and 16 m. Therefore, the
relative probability of the NP deposition in the middle be-
tween the microstructures is higher. Possible implications of
this result are discussed in Sec. IV
The microstructure shape changes the electric field
above them and strongly affects microscopic nanoparticle
fluxes as can be seen in Fig. 5. In particular, the focusing
effect of the electric field becomes more pronounced as the
SMSs sharpen up. In the case of relatively wide microstruc-
tures, the NPs are fairly uniformly deposited over the SMS
FIG. 2. NP fluxes calculated for different values of surface potential. Here
the SMS and nanopattern dimensions are s=4 m, b=3.2 m, and d
=4 m. The density of argon plasma is n0=1011 cm−3. Depending on the
surface potential, the nanoparticles can be deposited either between the mi-
crostructures or near the SMS tips. The flux jy is expressed in units of the
original flux j0.
FIG. 3. Effect of the bulk plasma density on the nanoparticle deposition
flux. Here, the surf=−16 V, and other parameters of the plasma and surface
microstructures, are the same as in Fig. 2.
FIG. 4. Effect of the micropattern period d on the NP flux jy. Here,
surf=−14 V, the shape of each individual microstructure is unchanged; only
the inter-SMS distance is varied. Other parameters are the same as in Fig. 2.
FIG. 5. Nanoparticle flux over the substrate structures of a different width.
The half-width at microstructure base is 0.9 m bottom panel, 0.6 m
middle panel, and 0.1 m top panel. Sharp structures exhibit a stronger
nanoparticle focusing effect. Here, surf=−16 V and n0=1011 cm−3.
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surfaces bottom panel in Fig. 5. In other words, the effec-
tive nanoparticle deposition area is almost the same as the
microstructure width; the NP flux associated with this area
only slightly exceeds that in the inter-SMS valleys. However,
for very sharp microstructures the effective nanoparticle
deposition area is clearly larger than the SMS width solid
line in the top panel of Fig. 5.
IV. DISCUSSION
We now discuss the numerical results presented in Figs.
1–5 and comment on their relevance to other ongoing re-
search efforts in the area and practical implications for the
development of robust strategies and techniques for nanopo-
wder contamination management and highly controlled, site-
selective nanoparticle deposition in complex plasmas.
As was mentioned above, the surface potential is per-
haps the easiest and most practical process parameter to
change without significantly affecting the plasma discharge,
compared to the effects of the working pressure, gas compo-
sition, and input power. If the substrate surface is conduct-
ing, the best way to control its surface potential is to apply a
dc bias Vbias; in this case, surf=Vbias. Depending on how
large the surface potential is, the plasma-grown nanoparticles
are deposited quite differently. If the surface potential is
large enough so that the kinetic energy of landing nanopar-
ticles exceeds their cohesive energy, the NPs can break into
sub-nano- and nanofragments; in this case buildup of usu-
ally unwanted amorphous deposits around the area of im-
pact is most likely.11 Moreover, the microstructures and their
ordered patterns can also be substantially damaged. In this
case, quite large gains in nanoparticle kinetic energy can be
explained as follows. When the dc bias is larger, the sheath
width is effectively increased due to stronger repulsion of
electrons towards the plasma bulk. Thus, the electron density
depletion is more pronounced and the nanoparticle charge
reversal happens further away from the substrate surface,
which in turn means that the NPs are able to pass through a
larger accelerating potential drop. Note that the nanoparticles
slow down approaching the charge reversal point.19
On the other hand, when the dc bias is small or the
surface is insulating in the latter case the surface potential
equals  f, where  f is the floating potential
30, the charge
reversal point is nearer the substrate and the nanoparticle
kinetic energy gain is smaller. Since typical values of the
floating potential in low-temperature, thermally nonequilib-
rium plasmas are 
4–5 Te, such low potential drops are very
unlikely to lead to NP breaking upon landing.
Moreover, in this case the nanoparticle velocities are
relatively small and the effects of local microscopic electric
fields in the vicinity of microstructures are quite strong. This
results in a pronounced deflection of nanoparticles from
straight downfall trajectories the latter is usually the case
when the substrate is biased clearly seen in the panel on the
right in Fig. 1. Amazingly, the electric field-controlled de-
flection of nanoparticles is much larger than that of the
plasma ions see the panel on the left in Fig. 1. Physically,
the NPs are much slower and also carry a much larger elec-
tric charge than the ions; despite their heavier mass, particle
deflection in the horizontal y direction turns out larger than
that of the ions, which move so fast that the local micro-
scopic field of the microstructures is unable to significantly
deflect them while they cross the lower sheath area.
This conclusion is consistent with the earlier reports of a
similar effect of plasma-grown nanostructures on the plasma
ions. In particular, these results suggest that ion deflection is
larger when the surface potential and, hence, the vertical
component of the ion velocities is lower.31
We now turn our attention to more specific discussion of
the results presented in Figs. 2–5. As can be seen in Fig. 2,
the nanoparticle deposition process turns out to be extremely
sensitive to the surface potential. We recall that the range of
the surface potentials have been chosen to “catch” the mo-
ment of NP charge reversal and maximize the effect of par-
ticle deflection by the SMSs. This justifies our choice of
relatively low surf. In the example shown in Fig. 2, when the
surface potential is low surf=−13.3 V, the nanoparticles
remain negatively charged as illustrated in Fig. 6a. Never-
theless, due to their inertia, the NPs are still able to land in
the valleys between the surface microstructures. Remarkably,
the negatively charged SMSs repel and scatter the nanopar-
ticles, and operate as concave electrostatic lenses as shown in
Fig. 6a. When the surface potential is only slightly in-
creased to −13.6 V, the electron density is further depleted
making the NP charge reversal possible yet very close to the
surface microstructures. This situation is shown in Fig. 6b.
In this case the particles uniformly cover the SMS surface as
the dotted line in Fig. 2 suggests. A further increase in surf
leads to a more pronounced focusing of the nanoparticles
onto the microstructure tips dotted line in Fig. 2. This re-
markable NP focusing is a manifestation of operation of the
SMSs as effective convex electrostatic lenses. The surface
potential of −16 V is the optimum nanoparticle focusing
condition. In case of even higher substrate potentials as is
the case represented by the solid line in Fig. 2 the NP charge
reversal point is located even higher above the substrate. In
this case, vertical components of particle velocities upon ap-
proaching the microstructures increase, which reduces the
duration of the effective action of E, just like the projectile
motion textbook problem. Hence, the nanoparticle deposition
over the micropattern surfaces becomes more uniform again.
However, extra care should be taken not to overaccelerate
the NPs to avoid their structural disintegration upon crashing
onto the surface.
From the above example it becomes clear that the sign of
the nanoparticle charge is extremely sensitive to the surface
potential. We recall that at the charge reversal point the bal-
ance between the microscopic electron and ion currents can
be maintained at a zero electric charge on the particle. We
recall that before reaching this point, NPs significantly slow
down. On the other hand, the floating potential appears to be
the minimum surface potential the surface should obtain to
stop any current flowing through it thus, a similar balance of
local electron and ion fluxes. Therefore, if the surface is
electrically floating which is the case for insulating sub-
strates, the charge reversal point appears very near the sur-
face and the nanoparticle kinetic energy upon landing can be
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minimized. This feature can be used for “soft” nanoparticle
deposition and preserve their integrity.
The plasma parameters, such as the ion number density
and the electron temperature, also affect the nanoparticle
deposition. In particular, the results in Fig. 3 evidence that
high-density plasmas should be used for more effective NP
focusing at the SMS tips. On the other hand, nanoparticle
fluxes from rarefied plasmas are expected to be more uni-
formly distributed over the nanostructured surfaces. The
more uniform deposition of NPs in lower-density plasmas
evidenced by the solid curve in Fig. 3 happens because the
nanoparticle charge is lower under rarefied plasma condi-
tions. On the contrary, NPs in high-density plasmas carry a
larger electric charge; thus the focusing effect due to the
electrostatic force does appear stronger under the dense
plasma conditions.
Inter-micro-structure spacing is another important pa-
rameter that affects the redistribution of the nanoparticle
fluxes over the surface pattern features. Under conditions
when the SMSs draw large and focused NP currents, one
clearly spots the zones of depleted particle fluxes around the
microstructures. Noteworthy is that quite similar depletion
zones are the case in plasma-assisted growth of discontinu-
ous nano-/micro-islanded films.32 Meanwhile, when the mi-
crostructures of the same width and height are arranged in a
micropattern of a larger period, the ability of individual
SMSs to focus NP fluxes onto their surfaces increases as can
be seen in Fig. 4. In this case the microstructures act as
effective nanoparticle collectors, similar to pyramid-like
submicrometer-sized structures in Fig. 1b.
An interesting feature of the nanoparticle fluxes is their
excellent uniformity in the inter-SMS valleys. Therefore,
“soft” NP deposition from reactive plasmas is an excellent
opportunity to fill the space between the microstructures by a
porous nanoparticle-made material. This can facilitate the de-
velopment of low-k nanoparticle composite films for inter-
level dielectrics in Ultra Large Scale Integration ULSI
technology.33 Note that due to obvious reasons, the mechani-
cal strength of such films can be a matter of concern. An-
other possibility is when the nanoparticles break upon crash
landing; in this case the filling of the space between the
microstructures will most likely be amorphous.
However, the flux uniformity in Fig. 4 is not perfect and
the probability of nanoparticle precipitation in the middle of
the inter-SMS valleys is higher. This can lead to the origin of
NP-made nanostructures in those areas. Once formed, these
structures can also focus incoming nanoparticles and in-
crease in size. This process is extremely sensitive to the sur-
face temperature and other microscopic surface properties
not accounted for in our model. The only thing we can
speculate is that the likelihood of formation of NP-made po-
rous nanostructures is higher in the case shown in Fig. 4b.
Finally, sharper microstructures focus nanoparticles
more effectively as evidenced by the results presented in Fig.
5. This result is perhaps the most obvious one as it is com-
monly known that sharper structures create stronger electric
fields in the vicinity of their tips. From the top panel in Fig.
5 one can presume that sharper structures are likely to be
coated by porous NP-made films around their bases, while
quite a significant number of particles remain stuck to their
tips; similar observations have been made in earlier
experiments.14,15 The NP fluxes onto lateral surfaces of
smaller-aspect-ratio microstructures appear to be very uni-
form. We remark, however, that the obtained NP flux distri-
butions do not necessarily mean that the SMSs should be
uniformly coated by the plasma-grown particles—this de-
pends on specific material, structure of the SMSs, and other
surface conditions.
We now comment on the practical implementation of the
site-selective nanoparticle deposition from reactive complex
plasmas. In large-area plasma deposition experiments the set
of parameters is limited to input power, gas feedstock pres-
sure and composition, substrate temperature and bias, and
some other parameters. During the first stage, the NPs are
formed. This process involves nucleation, growth, and crys-
FIG. 6. Effect of charge reversal on nanoparticle deposition: a When the
surface potential is −13.3 V, the NPs do not change their sign and are
scattered by the concave electrostatic lens E-lens, also charged negatively.
b A minor change in surf to −13.6 V results in the NP charge reversal
from negative to positive and attraction to the SMSs, which act as convex
E-lenses. Profiles of the electrostatic potential and electron and ion number
densities are also shown. In case b, the NP charge reversal occurs close to
the SMS. The parameters are the same as in Fig. 2.
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tallization in the ionized gas phase, which can be effectively
controlled by the parameters of the plasma bulk.11,34,35 The
second nanoparticle size selection stage, can be imple-
mented by adjusting the temperature gradient in the
presheath and the upper sheath.19 And finally, the manipula-
tion of these NPs in the lower sheath area can be imple-
mented using the results reported in this article.
As we have already mentioned in the Introduction, elec-
tric charging is an important factor in thermal plasma-based
synthesis of carbon nanotubes. More specifically, the nano-
tubes are synthesized in the interelectrode space of carbon
arcs and need to be collected. However, similar to the nano-
particles of our interest here, the CNTs are charged nega-
tively because of much higher mobility of the plasma elec-
trons; this prevents them from depositing onto the surface.
However, while the CNTs transit through the near-electrode
area, their charge may reverse to positive and they can reach
the surface similar to the case depicted in Fig. 6b. Calcu-
lations of Waldorff et al.6 suggest that only elongated par-
ticles with a high aspect ratio can reach the surface. In fact,
since the CNTs usually have very high aspect ratios, this
explains a high efficiency of collection of the nanotubes syn-
thesized in thermal plasmas of carbon arcs. Generally speak-
ing, harnessing the effects of nanoparticle charging can be
extremely useful in the assembly of various nanostructures in
low-temperature plasmas, either thermally nonequilibrium
plasmas considered here or thermal plasmas of Ref. 6.
It is also worthwhile to stress that the effect of the elec-
trostatic focusing can be very useful for controlled synthesis
of a broad range of nanomaterials and nanoassemblies using
plasma-grown nanoclusters. If the nanocluster charge is posi-
tive this sensitively depends on their size36, intense flows of
plasma-generated nanoclusters can be created and directed
towards the nanoassembly sites where they are needed. This
new technique would be a plasma-based equivalent of cluster
beam deposition CBD, a powerful tool for nanoscale sci-
ence and technology.37 Moreover, we can speculate that since
the CBD technique mostly uses neutral clusters as building
units and complex aerodynamic lenses to focus them, effec-
tive manipulation of charged nanoparticles in the plasma
demonstrated in this work can have clear competitive advan-
tages, e.g., in precise and size-selective electric-field-
controlled cluster deposition into specified surface areas with
complex surface morphology, such as micropatterns of this
work.
In the above, we have not discussed what might happen
after the plasma-grown nanoparticles are deposited on the
surfaces of the microstructures. The detailed investigation
into this process goes far beyond the scope of this article,
which is merely focused on the plasma-related effects of the
NP deposition. Nonetheless, the charge on the particles is
also crucial in the process of their attachment and/or incor-
poration into the growing structures. Assuming that posi-
tively charged particles land smoothly onto negatively
charged SMS surfaces, we can speculate that electrostatic
attraction is a major factor in NP attachment to the SMSs,
similar to what has previously been reported for charged
nanoclusters.36 However, the effectiveness of the nanopar-
ticle bonding to the surfaces will depend on the relation be-
tween the time of the charge transfer 	chtr and the time re-
quired for bond formation 	bond. If the bonding process
completes well before the NP charge is neutralized 	chtr

	bond, the electrostatic attraction between the particle and
the surface serves as a firm “grip” that significantly facili-
tates the bonding process. This situation is sketched in Fig.
7a. It is remarkable that quite a similar principle is used to
hold NPs together in binary nanoparticle superlattices
BNSLs. Moreover, electric charges on NPs determine sto-
ichiometry and structural diversity of the BNSLs, which rep-
resent a novel class of nanoscale objects.38
Conversely, if the NP charge is neutralized faster than
the bonds form, the particle can move from the point of its
initial attachment to the SMS surface. This becomes more
obvious in the case of sharp microstructures when the as-
attached particle can “roll” down the slope as illustrated in
Fig. 7b. This conclusion is certainly more accurate when
the surface roughness of the SMSs is much smaller ap-
proaching to atomically smooth surfaces than the nanopar-
ticle size.
FIG. 7. Two different basic possibilities of interaction of plasma-grown
nanoparticles and surface microstructures drawn not to scale: a 	chtr

	bond; b 	chtr	bond.
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The ability of NPs to reach the substrate and their spe-
cific site and energy of landing are extremely sensitive to a
number of factors and parameters. Since these are in most
cases process specific, it would be a futile attempt to formu-
late ready recipes on how to manipulate such particles in a
particular experiment. Nonetheless, using the conclusions
drawn from the results in Figs. 1–5, we can formulate the
following practical suggestions:
• To avoid NP contamination, the best recipe is to prevent
them from reaching the charge reversal point; for more
specific details refer to our earlier works;18,19
• To enable effective nanoparticle collection near the tips of
the microstructures, moderate 
 f surface potential con-
ditions should be used Fig. 2;
• On the other hand, low-surface-potential e.g., sub- f
conditions are ideal for smooth filling of the inter-SMS
spaces by microporous nanoparticle-made material; pre-
serving the negative charge on NPs can be advantageous as
suggested by the dash-dot curve in Fig. 2.
These “recipes” are certainly not exhaustive and many
other interesting features of nanoparticle deposition onto mi-
crostructured surfaces can be discovered if research in this
direction is continued, both numerically and experimentally.
V. CONCLUSIONS
In this article, we have introduced a two-dimensional
simulation technique of a nanoparticle-generating plasma in
a combined sheath-presheath area, and applied the model to
simulate the NP deposition onto a microstructured solid sur-
face. We have studied the effect of the discharge parameters
and surface morphology on the nanoparticle deposition flux.
Unlike ions which carry a constant e.g., positive electric
charge, the nanoparticles feature a dynamically variable
charge, which can be used for sensitive control of their site-
specific deposition with controlled energy onto the micropat-
tern.
The deflection of NP trajectories in the vicinity of the
SMSs is caused by the horizontal component of the electric
force. This effect is enhanced due to a large electric charge of
the nanoparticles; on the other hand, it is sensibly reduced at
high particle velocities e.g., when the surface potential is
large.
Summarizing the results, we can state that
• The localized electrostatic field in the vicinity of the mi-
crostructures affects the NP deposition flux; this effect is
most pronounced when the surface potential is reasonably
low as is the case for electrically floating insulating sub-
strates;
• Depending on the surface potential, the nanoparticles can
be deposited either atop the microstructures or fill up the
inter-SMS spaces;
• Plasma parameters also affect the NP fluxes; higher plasma
densities are favorable to achieve more effective focusing;
• Sharper microstructures show a better ability to focus mi-
croscopic nanoparticle fluxes.
Future work will be related to more complex situations
such as fabrication of BNSLs using plasma-grown nanopar-
ticles, and will involve various surface processes, broader
ranges of plasma and surface parameters, and various nano-
sized surface features. Finally, we stress that the results of
this work are generic and are applicable to various processes
involving low-temperature, thermally nonequilibrium plas-
mas used for nanomaterial synthesis and surface modifica-
tion.
ACKNOWLEDGMENTS
This work was partially supported by the Agency of Sci-
ence, Technology, and Research of Singapore, the Australian
Research Council, the University of Sydney, Institute of
Advanced Studies, and the International Research Network
for Deterministic Plasma-Aided Nanofabrication.
1S. Sriraman, S. Agrawal, E. S. Aydil, and D. Maroudas, Nature 418, 62
2002.
2G. S. Oehrlein, Plasma Processing of Electronic Materials Springer,
Berlin, 2003.
3S. Xu, K. N. Ostrikov, Y. Li, E. L. Tsakadze, and I. R. Jones, Phys.
Plasmas 8, 2549 2001.
4J. H. Fendler, Nanoparticles and Nanostructured Films: Preparation,
Characterization and Applications Wiley, Weinheim, 1998.
5K. Ostrikov and S. Xu, Plasma-Aided Nanofabrication: From Plasma
Sources to Nanoassembly Wiley, Weinheim, 2007.
6E. I. Waldorff, A. M. Waas, P. P. Friedmann, and M. Keidar, J. Appl. Phys.
95, 2749 2004.
7M. Keidar, Y. Raitses, A. Knapp, and A. M. Waas, Carbon 44, 1022
2006.
8N. Chaabane, V. Suendo, H. Vach, and P. Roca i Cabarrocas, Appl. Phys.
Lett. 88, 203111 2006.
9P. Roca i Cabarrocas, N. Chaabane, A. V. Kharchenko, and S. Tchakarov,
Plasma Phys. Controlled Fusion 46, B235 2004.
10K. N. Ostrikov, S. Xu, and A. B. M. S. Azam, J. Vac. Sci. Technol. A 20,
251 2002.
11K. Ostrikov, Rev. Mod. Phys. 77, 489 2005.
12U. Cvelbar, M. Mozetic, M. K. Sunkara, and S. Vaddiraju, Adv. Mater.
Weinheim, Ger. 17, 2138 2002.
13S. V. Vladimirov and K. Ostrikov, Phys. Rep. 393, 175 2004.
14Z. L. Tsakadze, K. Ostrikov, and S. Xu, Surf. Coat. Technol. 191, 49
2005.
15Z. L. Tsakadze, K. Ostrikov, J. D. Long, and S. Xu, Diamond Relat. Mater.
13, 1923 2004.
16I. B. Denysenko, K. Ostrikov, S. Xu, M. Y. Yu, and C. H. Diong, J. Appl.
Phys. 94, 6097 2003; K. Ostrikov, I. B. Denysenko, S. V. Vladimirov, S.
Xu, H. Sugai, and M. Y. Yu, Phys. Rev. E 67, 056408 2003.
17K. N. Ostrikov, S. Kumar, and H. Sugai, Phys. Plasmas 7, 3490 2001.
18P. P. Rutkevych, K. Ostrikov, S. Xu, and S. V. Vladimirov, J. Appl. Phys.
96, 4421 2004.
19P. P. Rutkevych, K. Ostrikov, and S. Xu, Phys. Plasmas 12, 103507
2005.
20S. V. Vladimirov, K. Ostrikov, M. Y. Yu, and G. E. Morfill, Phys. Rev. E
67, 036406 2003; K. N. Ostrikov and M. Y. Yu, IEEE Trans. Plasma Sci.
26, 100 1998.
21K. N. Ostrikov, M. Y. Yu, S. V. Vladimirov, and O. Ishihara, Phys.
Plasmas 6, 737 1999; K. N. Ostrikov, M. Y. Yu, and L. Stenflo, Phys.
Rev. E 61, 782 2000.
22M. Keidar and A. M. Waas, Nanotechnology 15, 1571 2004.
23K. Ostrikov, J. D. Long, P. P. Rutkevych, and S. Xu, Vacuum 80, 1126
2006.
24S. V. Vladimirov and N. F. Cramer, Phys. Rev. E 62, 2754 2000.
25A. Bapat, C. R. Perrey, S. A. Campbell, C. B. Carter, and U. Kortshagen,
J. Appl. Phys. 94, 1969 2003.
26J. X. Ma, J. Y. Liu, and M. Y. Yu, Phys. Rev. E 55, 4627 1997.
27K. N. Ostrikov, M. Y. Yu, and N. A. Azarenkov, Phys. Rev. E 58, 2431
1998.
28K. N. Ostrikov, M. Y. Yu, and H. Sugai, J. Appl. Phys. 86, 2425 1999;
N. A. Azarenkov, I. B. Denisenko, and K. N. Ostrikov, J. Phys. D: Appl.
Phys. 28, 2465 1995.
043502-8 Rutkevych, Ostrikov, and Xu Phys. Plasmas 14, 043502 2007
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
131.181.251.131 On: Wed, 16 Jul 2014 04:17:05
29K. N. Ostrikov, S. Xu, and M. Y. Yu, J. Appl. Phys. 88, 2268 2000; K.
N. Ostrikov, M. Y. Yu, and N. A. Azarenkov, J. Appl. Phys. 84, 4176
1998.
30M. A. Lieberman and A. J. Lichtenberg, Principles of Plasma Discharges
and Materials Processing Wiley, New York, 1994, Chap. 6.
31I. Levchenko, M. Korobov, M. Romanov, and M. Keidar, J. Phys. D:
Appl. Phys. 37, 1690 2004; I. Levchenko et al., Appl. Phys. Lett. 89,
033109 2006.
32I. Levchenko and O. Baranov, Vacuum 72, 205 2004.
33S. Nunomura, M. Kita, K. Koga, M. Shiratani, and Y. Watanabe, Jpn. J.
Appl. Phys., Part 1 40, L1509 2005.
34J. Emi, K. Kato, T. Abe, and S. Iizuka, Jpn. J. Appl. Phys., Part 1 45, 8071
2006.
35S. Xu, K. Ostrikov, J. D. Long, and S. Y. Huang, Vacuum 80, 621 2006.
36N. M. Hwang and D. Y. Kim, Int. Mater. Rev. 49, 171 2004.
37K. Wegner, P. Piseri, H. V. Tafreshi, and P. Milani, J. Phys. D 39, R439
2006.
38E. V. Shevchenko, D. V. Talapin, N. A. Kotov, S. O’Brien, and C. B.
Murray, Nature 439, 55 2006.
043502-9 Two-dimensional simulation of nanoparticle… Phys. Plasmas 14, 043502 2007
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
131.181.251.131 On: Wed, 16 Jul 2014 04:17:05
